A model for the influence of different contributions to the high electron concentration in dependence on the film thickness of state-of-the-art InN layers grown by molecular-beam epitaxy is proposed. Surface accumulation has a crucial influence for InN layers Ͻ300 nm and superimposes the background concentration. For air-exposed InN, it can be assigned to a surface near doping by oxygen. For InN layers in the micron range the density of dislocations is the major doping mechanism. Finally, point defects such as vacancies and impurities have minor influence and would dominate the free electron concentration only for InN Ͼ10 m.
A model for the influence of different contributions to the high electron concentration in dependence on the film thickness of state-of-the-art InN layers grown by molecular-beam epitaxy is proposed. Surface accumulation has a crucial influence for InN layers Ͻ300 nm and superimposes the background concentration. For air-exposed InN, it can be assigned to a surface near doping by oxygen. For InN layers in the micron range the density of dislocations is the major doping mechanism. Finally, point defects such as vacancies and impurities have minor influence and would dominate the free electron concentration only for InN Ͼ10 m. Indium nitride is a low-band-gap material, which received an increasing attention over the last years due to its very prospective properties. In particular, the high electron mobility 1 should predestine the material for high frequency devices. A major drawback, however, is the high electron concentration in InN layers, which up to date prevents the development of any kind of electronic device. Despite of the remarkable progress in the growth of InN by different techniques ͓plasma-induced molecular-beam epitaxy 2,3 ͑pi-MBE͒ and metal organic chemical vapor deposition 4 ͔, all layers appear to be degenerated with electron concentrations higher than 10 17 cm −3 and the exact mechanisms of its origin are still under debate. Generally, the electron concentration n decreases with increasing thickness th by n ϳ th −␣ , however, with a nonconstant slope 2 ␣ Ͻ 1 indicating the superposition of several n-type doping mechanisms. The possible contributions to the apparent electron concentration can be classified by three models: ͑i͒ a localized electron accumulation with specific sheet carrier concentration N S,0 ͑i.e., ␣ =1͒, ͑ii͒ a homogeneous background volume concentration n b ͑i.e., ␣ =0͒, and ͑iii͒ an inhomogeneous carrier distribution n inhom over the InN film ͑i.e., ␣ depends on the mechanism͒. Consequently, the net electron density in dependence on the InN film thickness th will be n = 1 th
The aim of this work is to model the influence of the different doping mechanisms in dependence of the layer thickness for MBE-grown InN films. In particular, the influence of threading dislocations ͑TDs͒ for an inhomogeneous doping will be demonstrated. The InN layers were grown 5 in a BALZERS MBE system using conventional effusion cells for In, Ga, and Al and a rf nitrogen plasma source. First, an AlN buffer layer was grown by a two-step procedure. The growth was initiated by nitridation at ϳ1100°C for 2 min, and at ϳ900°C AlN templates were prepared in a twodimensional mode with a thickness of about 200-300 nm. All InN epilayers were grown at ϳ380°C under stoichiometric ͑1:1͒ conditions to prevent surface metal accumulation. The growth process was monitored by a digitized pattern of reflection high-energy electron diffraction. The thickness of the InN layer has been varied from 0.07 to 2.2 m. The electron concentration was determined by Hall measurements at 0.4 T in van der Pauw geometry. Samples of 5 ϫ 5 mm 2 were processed by conventional photolithography to form In point contacts with a spacing of 5 mm for Hall measurements. The contacts were annealed at 150°C. It should be noted that the electron concentration for inhomogeneous samples measured by Hall is not the pure addition as in Eq. ͑1͒. It rather should be weighted by the electron mobility. Due to the lack of reliable data, we used this simplification where an error of up to 20% can be expected.
Microstructural analysis was performed by transmission electron microscopy ͑TEM͒ with an accelerating voltage of 200 kV. The TD density was estimated by a digital imaging processing of cross sectional TEM micrographs and confirmed by the analysis of a series of plan view TEM micrographs taken at samples with different InN film thickness.
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The resulting TD density in dependence on the distance to the interface to the AlN buffer layer is shown in Fig. 1 . Here, we do not differentiate between edge, screw, and mixed dislocations. More details about the growth procedure and the structural and electronic characterization can be found elsewhere.
MBE on sapphire with AlN or AlN / GaN buffer layers 2, 6, 7 and show very similar electronic properties ͑for the electron concentration see Fig. 2 Lu et al. 6 observed such a strong reduction of the electron concentration with increasing film thickness and concluded a high accumulation at the interfaces of about 4.3 ϫ 10 13 and 2.5ϫ 10 13 cm −2 for InN layers grown on AlN and GaN buffer layers, respectively. By C-V depth profiling in electrolyte, a surface accumulation of 1.57ϫ 10 13 cm −2 was estimated. This surface accumulation was discussed as an intrinsic property of InN due to the extraordinary low conduction band minimum at the ⌫ point, 9 which allows donortype surface states to be located inside the conduction band. As a consequence, Piper et al. estimated on clean InN surfaces prepared by an atomic hydrogen treatment 10 a surface Fermi level of 1.58 eV ͑Ref. 9͒ to 1.64 eV ͑Ref. 11͒ above the valence band maximum, i.e., about 0.9-1.0 eV above the conduction band minimum, by high-resolution electron energy loss spectroscopy. The corresponding surface state density is about 2.4ϫ 10 13 cm −2 .
Recently we found a very similar surface electron concentration and Fermi level position on an air-exposed InN surface by in situ measurements of the resistance of an InN film during sputter depth profiling 12 and ultraviolet photoelectron spectroscopy, 13 respectively. The depth profile of the electron concentration follows in a very good agreement the oxygen concentration close to the surface estimated by Auger electron spectroscopy. 12, 13 Moreover, an interface charge of about 5 ϫ 10 12 cm −2 , localized at the interface between InN and the GaN buffer layer, was estimated 12, 14 and is expected to be even higher at the interface between InN and AlN.
14 The sum electron accumulation on both interfaces is superimposing the bulk concentration for InN films of up to 7.5 m ͑Ref. 7͒ and explains qualitatively the observed dependence of the electron concentration on the film thickness. It is characterized by a constant sheet carrier concentration N S,0 . Consequently the dependence of the volume concentration n on the thickness th must follow a linear law n = N S,0 /th ͑Fig. 2, "surface"͒. For N S,0 the already mentioned values achieved by extrapolating the measured sheet carrier concentration N S of thin InN films to zero thickness as described by Lu et al. 6 were used. Considering a surface accumulation of 2.2ϫ 10 13 cm −3 , which is independent of the buffer layer for thicker InN films, interface charges of 0.3 ϫ 10 13 and 2.3ϫ 10 13 cm −3 at the interface to GaN and AlN, respectively, can be expected. The value for the GaN buffer layer is in good agreement with the sputtering experiments, which revealed an interface concentration of about 0.5 ϫ 10 13 cm −3 . However, Fig. 2 clearly demonstrates that the apparent electron concentrations in this work ͑squares͒ as well as the data of Lu et al. 6 cannot be fitted with a linear law n = N S,0 / th. The smaller slope indicates the contribution of an additional, inhomogeneous doping mechanism.
The inhomogeneous electron distribution in InN layers was analyzed by Swartz et al. using variable-magnetic-field Hall measurements. 16, 17 In addition to a part of carriers with low mobility and high density, which can be attributed to the surface accumulated layer, the values for the bulk carriers were extracted. Both bulk mobility and electron concentration are still depending on the layer thickness for InN films with a total thickness of up to about 1 m. For a thick film on GaN / AlN buffer ͑7.5 m͒, a background carrier concentration of 1 ϫ 10 17 cm −3 was estimated. For its origin several effective donors are possible. Both oxygen 13 and hydrogen 18 have shown to create donor states inside the conduction band and for oxygen an effective doping efficiency of more than 50% was observed. 12, 13 However, elementary analysis by secondary ion mass spectroscopy revealed a background concentration of oxygen, hydrogen, and carbon to be in the 10 16 cm −3 range, i.e., two to ten times smaller than the electron concentration. 7 Similar to surface states, 19 intrinsic defects such as point defects and dislocations are expected to create donor states inside the conduction band. As a typical point defect, vacancies were investigated by positron annihilation spectroscopy by Oila et al. 20 N vacancies were found to be the dominating type with a concentration, which is about one order of magnitude lower than the electron concentration. All these effects can be summed up to the background concentration of 1 ϫ 10 17 cm −3 estimated by variablemagnetic-field Hall measurements on GaN / AlN buffer. 16, 17 The influence of both surface accumulation and background concentration is shown in Fig. 2 by the curve "surface + background." On the other side, the density of dislocations in heteroepitaxial layers is typically monotonically decreasing with the layer thickness, 8 and the influence of these defects explains qualitatively the dependence of the background carrier concentration on the layer thickness within the first 1 m. 16 For quantification, it is assumed that each dislocation creates donors with a specific distance in the growth direction. Using the concentration profile of Fig. 1 , its influence is shown in Fig. 2 . Similar to the TD density ͑Fig. 1͒, the concentration of the electrons from the TDs only ͑"TD"͒ starts to decrease at a thickness of about 100 nm. For the sum of all the discussed effects ͑"sum"͒, a very good agreement with the measured data is achieved if the distance in growth direction is about 1.14 nm, i.e., if in a TD only every second InN unit cell bears an effective donor or only 50% of the dislocations are active. In contrast to GaN, 21 the underlying doping mechanisms of dislocations are not investigated and require further analysis. Taking the similarities of the materials into account, in particular, the dominating edge dislocations 5 are creating vacancies. Previously these vacancies have been expected to be negatively charged. 22, 23 However, in contrast to GaN, the branch point energy E B at the ⌫ point in InN is located deep inside the conduction band. 9 Intrinsic defects are charged in a way to shift the Fermi level E F towards E B . Consequently, in n-type GaN where E F Ͼ E B , the vacancies are negatively charged, while in InN, where E F Ͻ E B , such defects should be positively charged, i.e., a donor-type behavior can be expected. The observed dependence of the electron concentration on the InN film thickness confirms this assumption, since for InN in the micron range the measured concentration is higher than the sum of all other possible contributions.
In conclusion, for state-of-the-art MBE-grown InN, three major mechanisms determine the apparent electron concentration on different thickness scales. First, the accumulation of electrons at the surface and the interface clearly dominates the electronic properties of InN for thin layers with th Ͻ 300 nm. For nondegenerate InN, an electron concentration below 10 17 cm −3 would be necessary and already the accumulation layers would prevent to achieve this for InN films of up to ϳ5 m. Second, layers in the micron range are strongly affected by threading dislocations. Finally, the background concentration of InN is already well controlled and would influence the apparent carrier concentration only for films with thϾ 10 m. However, the influence of such point defects might have substantial influence on the mobility. As a consequence, for an application of InN films for electronic devices, both the reduction of the density of threading dislocations and the suppression of the electron accumulation at the interfaces are of crucial importance. 
